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AĐkŶoǁledgeŵeŶts 
The authoƌs gƌatefullǇ aĐkŶoǁledge the EuƌopeaŶ ‘eseaƌĐh CouŶĐil ;E‘C-ADG-ϮϮϴϭϭϳͿ fuŶdiŶg aŶd UK͛s EŶgiŶeeƌiŶg aŶd PhǇsiĐal SĐieŶĐes ‘eseaƌĐh 
CouŶĐil ;EPS‘CͿ fuŶdiŶg of the EPS‘C CeŶtƌe foƌ IŶŶoǀaiǀe MaŶufaĐtuƌiŶg iŶ AdǀaŶĐed MetƌologǇ ;GƌaŶt ‘ef: EP/IϬϯϯϰϮϰ/ϭͿ 
IŶtƌoduĐioŶ 
Addiiǀe ŵaŶufaĐtuƌiŶg ;AMͿ alloǁs foƌ fast faďƌiĐaioŶ of thƌee diŵeŶsioŶal oďjeĐts ǁith the use of ĐoŶsideƌaďlǇ less ƌe-
souƌĐes, less eŶeƌgǇ ĐoŶsuŵpioŶ aŶd shoƌteƌ supplǇ ĐhaiŶ thaŶ ǁould ďe the Đase iŶ tƌadiioŶal ŵaŶufaĐtuƌiŶg. AM has 
gaiŶed sigŶiiĐaŶĐe due to its Đost efeĐiǀe ŵethod ǁhiĐh ďoasts the aďilitǇ to pƌoduĐe ĐoŵpoŶeŶts ǁith a pƌeǀiouslǇ 
uŶaĐhieǀaďle leǀel of geoŵetƌiĐ ĐoŵpleǆitǇ iŶ pƌototǇpiŶg aŶd eŶd useƌ iŶdustƌial appliĐaioŶs, suĐh as aeƌospaĐe, autoŵo-
iǀe aŶd ŵediĐal iŶdustƌies. Hoǁeǀeƌ these pƌoĐesses ĐuƌƌeŶtlǇ laĐk ƌepƌoduĐiďilitǇ aŶd ƌepeataďilitǇ ǁith soŵe ͚pƌiŶts͛ haǀ-
iŶg a high pƌoďaďilitǇ of ƌeƋuiƌiŶg ƌeǁoƌk oƌ eǀeŶ sĐƌappiŶg due to out of speĐiiĐaioŶ oƌ high poƌositǇ leǀels, leadiŶg to fail-
uƌe due to stƌuĐtuƌal stƌesses.  
This studǇ pƌeseŶts aŶ aƌtefaĐt that is opiŵised foƌ ĐhaƌaĐteƌisaioŶ of foƌŵ usiŶg Đoŵputed toŵogƌaphǇ ;CTͿ ǁith ƌepƌe-
seŶtaiǀe geoŵetƌiĐ diŵeŶsioŶiŶg aŶd toleƌaŶĐiŶg featuƌes aŶd iŶteƌŶal ĐhaŶŶels aŶd stƌuĐtuƌes Đoŵpaƌaďle to ĐooliŶg ĐhaŶ-
Ŷels iŶ heat eǆĐhaŶgeƌs.  Fuƌtheƌŵoƌe the opiŵisaioŶ of the CT aĐƋuisiioŶ ĐoŶdiioŶs foƌ this aƌtefaĐt aƌe pƌeseŶted iŶ light 
of featuƌe diŵeŶsioŶs aŶd foƌŵ aŶalǇsis. This posteƌ iŶǀesigates the aĐĐuƌaĐǇ aŶd ĐapaďilitǇ of CT ŵeasuƌeŵeŶts Đoŵpaƌed 
ǁith ƌefeƌeŶĐe ŵeasuƌeŵeŶts fƌoŵ ĐooƌdiŶate ŵeasuƌiŶg ŵaĐhiŶe ;CMMͿ, as ǁell as foĐus oŶ the eǀaluaioŶ of difeƌeŶt AM 
ŵethods. 
‘esults 
Visual deǀiaioŶ aŶalǇsis ǁas peƌfoƌŵed usiŶg Caia ;Dassault SǇsteŵes, etĐͿ, ǁith the use of the digiized shape editoƌ ŵod-
ule the oƌigiŶal .STL ile is Đoŵpaƌed to a .STL eǆpoƌt fƌoŵ VGS. With aŶ aǀeƌage of Ϯϰ ŵillioŶ iiŶg poiŶts aŶd VGS ďest it 
ƌegistƌaioŶ at a ŵaǆiŵuŵ ƋualitǇ leǀel of ϱϬ, ŵodels aƌe oǀeƌlaid aŶd foƌŵ deǀiaioŶ ǁas aŶalǇsed. GƌeeŶ aƌeas ƌepƌeseŶt 
deǀiaioŶ ±ϮϬϬ fƌoŵ oƌigiŶal desiƌed foƌŵ. ‘ed aŶd puƌple aƌeas depiĐt ƌegioŶs that ĐoŶtaiŶ gƌeateƌ ŵateƌial oƌ ǁaƌpiŶg out-
side the desiƌed foƌŵ.  
Addiiǀe MaŶufaĐtuƌiŶg Methods  
Thƌee AM ŵethods used iŶ this studǇ iŶĐludiŶg pƌiŶiŶg pa-
ƌaŵeteƌs aŶd ŵateƌial ĐhaƌaĐteƌisiĐs aƌe as folloǁs:  
ϭ. DiƌeĐt photo-ĐheŵiĐal alteƌaioŶ of liƋuid polǇŵeƌ oƌ Ste-
ƌeolithogƌaphǇ ;SLAͿ uilises ǀeĐtoƌ sĐaŶŶiŶg ultƌaǀiolet la-
seƌ sĐaŶŶiŶg to solidifǇ liƋuid photopolǇŵeƌ ďuilt oŶ a loǁ-
eƌiŶg oƌ hiƌiŶg ďed depeŶdiŶg oŶ ŵaĐhiŶe desigŶ to pƌo-
duĐe a thƌee-diŵeŶsioŶal oďjeĐt.  
Ϯ. High poǁeƌed laseƌs aƌe used to siŶteƌ ĐhoseŶ ƌegioŶs of ŵiĐƌosĐopiĐ polǇŵeƌiĐ, ŵetalliĐ oƌ ĐeƌaŵiĐ poǁdeƌ paƌiĐles, iŶ 
seƋueŶial tǁo-diŵeŶsioŶal Đƌoss seĐioŶal laǇeƌs, seleĐiǀe laseƌ siŶteƌiŶg ;SLSͿ  
ϯ. Fused deposiioŶ ŵodelliŶg ;FDMͿ used theƌŵoplasiĐ eǆtƌusioŶ to ďuild a thiŶ tƌead like spool of polǇŵeƌ to Đƌeate a Đƌoss 
seĐioŶ of the paƌt laǇeƌ ďǇ laǇeƌ, siŵilaƌ to a hot glue guŶ oƌ gas ŵetal aƌĐ ǁeldiŶg.  
  SLA SLS FDM 
MaĐhiŶe Make/
Model 
ϯD SǇsteŵs: 
iPƌoϴϬϬϬ 
ϯD SǇsteŵs: 
sPƌoϲϬ 
Heǁlet PaĐkaƌd: 
DesigŶ jet ϯD Đolouƌ 
Mateƌial CleaƌǀueLiƋuid PolǇŵeƌ PAϭϮ Poǁdeƌ ABS FilaŵeŶt 
Solid DeŶistƌǇ ϭ.ϭϳg/Đŵϯ ϭ.Ϭϭg/Đŵϯ ϭ.Ϭϴg/Đŵϯ 
LaǇeƌ ThiĐkŶess Ϭ.ϭŵŵ Ϭ.ϭŵŵ Ϭ.Ϯϱŵŵ 
Theƌŵal EǆpaŶ-
sioŶ ϳϬ μŵ/ŵ-°C ϴϮ.ϲ μŵ/ŵ-°C ϴϴ.Ϯ μŵ/ŵ-°C 
‘esults 
The CT ŵeasuƌeŵeŶts aƌe less aĐĐuƌate aŶd the leǀel of uŶĐeƌtaiŶtǇ is gƌeateƌ thaŶ that takeŶ usiŶg CMM. Fuƌtheƌŵoƌe aŶǇ 
iŶlueŶĐiŶg faĐtoƌ ĐoŶtƌiďuiŶg to the iŶaĐĐuƌaĐǇ of a CT ŵeasuƌeŵeŶt is iŶ this Đase usuallǇ loǁeƌ thaŶ the ǀoǆel size of the 
sĐaŶ; this iŶĐludes theƌŵal dƌit, ŵeĐhaŶiĐal staďilitǇ, ŵagŶiiĐaioŶ aŶd oďjeĐt oƌieŶtaioŶ to Ŷaŵe a feǁ, these faĐtoƌs ǁheŶ 
ĐoŵďiŶed ĐoŶtƌiďute to the oǀeƌall Ŷoise of the ŵeasuƌeŵeŶt sǇsteŵ aŶd is di Đult to ĐoŵpeŶsate foƌ. This papeƌ eǆploƌes 
the appliĐaioŶ of deǀiaioŶ aŶalǇsis of aŶ AM aƌtefaĐt opiŵised foƌ the use iŶ CT ǁith eƌƌoƌ ĐoŵpaƌisoŶ to CMM ƌefeƌeŶĐe 
ŵeasuƌeŵeŶts. Visual deǀiaioŶ, usiŶg sotǁaƌe to supeƌiŵpose sĐaŶŶed CT data to oƌigiŶal CAD ŵodels alloǁed foƌ ǀisual 
ĐoŵpaƌisoŶ of a ǀaƌietǇ of AM ŵethods, ǁhiĐh pƌoǀided a ŵeaŶs to pƌeliŵiŶaƌǇ aŶalǇse the foƌŵ that is Đƌeated as ǁell as its 
difeƌeŶĐes iŶ featuƌe posiioŶ. Thƌee AM ŵethods ǁeƌe aŶalǇsed foƌ foƌŵ aŶd diŵeŶsioŶal aĐĐuƌaĐǇ, ǁith a goal to assess 
the ĐapaďilitǇ of CT sĐaŶŶiŶg aŶd sotǁaƌe ƌeĐoŶstƌuĐioŶ aŶd ŵeasuƌeŵeŶt aďiliies to the gold staŶdaƌd CMM ŵethod. The 
ĐoŵpaƌisoŶ eǀideŶtlǇ deŵoŶstƌates ĐoloƌaioŶs ďetǁeeŶ difeƌeŶt ŵeasuƌeŵeŶt teĐhŶiƋues ǁith feǁ outlieƌs, ǁith a Đoŵ-
paƌisoŶ of suƌfaĐe deteƌŵiŶaioŶ ŵethods eǆploƌed. The Ŷeǆt step ǁould ďe to iŶǀesigate CT sĐaŶŶiŶg staisiĐallǇ ǁhile eǆ-
ploƌiŶg the ďlaĐk ďoǆ poteŶial of the ĐoŶtƌiďuiŶg uŶĐeƌtaiŶtǇ faĐtoƌs.  
AƌtefaĐt DesigŶ  
This ďeŶĐhŵaƌkiŶg aƌtefaĐt has poteŶial to ďe iŵpleŵeŶted iŶ tesiŶg soŵe pƌoĐess liŵitaioŶs due to the featuƌe sizes ƌaŶg-
iŶg fƌoŵ Ϯŵŵ to ϴŵŵ. Methods that ĐaŶ ďe ďeŶĐhŵaƌked iŶĐludiŶg ďoth ŵetal aŶd polǇŵeƌ AM, sĐaliŶg of the aƌtefaĐt ŵaǇ 
ďe ƌeƋuiƌed. ϰϰ GD&T featuƌes haǀe ďeeŶ desigŶed iŶ aŶ aƌƌaŶgeŵeŶt ďeŶeiĐial to the pƌoĐess of CT sĐaŶŶiŶg. This ĐǇliŶdƌiĐal 
aƌtefaĐt ǁill pƌoǀide eǀeŶ ateŶuaioŶ of ǆ-ƌaǇs iŶ hope to ŵaǆiŵise detail aŶd ƌesoluioŶ ǁhile takiŶg a seƌies of pƌojeĐioŶ 
CMM UŶĐeƌtaiŶtǇ DeteƌŵiŶaioŶ  
To oďtaiŶ ƌefeƌeŶĐe ŵeasuƌeŵeŶts foƌ eaĐh saŵple, aŶ aǀeƌage of ϮϬ ŵeasuƌeŵeŶts foƌ eaĐh featuƌe peƌ saŵple ǁas deteƌ-
ŵiŶed as peƌ ISO ϭϱϱϯϬ-ϯ. The paƌt ǁas takeŶ of aŶd ƌealigŶed foƌ eaĐh ŵeasuƌeŵeŶt to eŶsuƌe uŶiƋue ŵeasuƌeŵeŶts uŶďi-
ased to the pƌeǀious iteƌaioŶ. MeasuƌeŵeŶts ǁeƌe takeŶ iŶ a teŵpeƌatuƌe ĐoŶtƌolled eŶǀiƌoŶŵeŶt iŶ the ƌaŶge of ϮϬºC/±ϮºC 
aŶd to aĐĐouŶt foƌ ŵiŶoƌ teŵpeƌatuƌe ǀaƌiaioŶs. 
MethodologǇ  
ISO aŶd VDI/VDE guideliŶes haǀe Ŷot ĐuƌƌeŶtlǇ ďeeŶ applied ǁidelǇ to diƌeĐtlǇ assess aŶd ĐhaƌaĐteƌise of AM saŵples usiŶg 
CT, so this papeƌ details aŶd seeks to do this, applǇiŶg these pƌiŶĐiples to AM ŵateƌials ĐoŶstƌuĐted usiŶg difeƌeŶt ŵethods. 
All featuƌes oŶ the AM aƌtefaĐt aƌe ŵeasuƌed aŶd Đoŵpaƌed to CMM data to assess staďilitǇ aŶd ǀaƌiaďilitǇ, deǀiaioŶ is stud-
ied aŶd CT data is ƌe-eǀaluated. A ĐoŵpƌeheŶsiǀe GD&T stƌategǇ is Đƌeated aŶd fƌoŵ this a teŵplate is geŶeƌated aŶd applied 
to sĐaŶŶed data usiŶg ďest it algoƌithŵs to ƌegisteƌ saŵples.  Thƌough this deteƌŵiŶed ŵethod the ĐoŵpaiďilitǇ of geoŵet-
ƌiĐal featuƌes iŶĐludiŶg foƌŵ, diŵeŶsioŶ aƌe iŶǀesigated. 
 
PƌojeĐt OutliŶe  Detail the deǀelopŵeŶt of a CT-speĐiiĐ aƌtefaĐt, pƌoduĐed usiŶg ƌepƌeseŶtaiǀe iŶdustƌial AM teĐhŶologies. This has ďeeŶ 
deǀeloped ǁith a ǀieǁ to eŶĐoŵpassiŶg the opiŵizaioŶ of the ŵeasuƌeŵeŶt teĐhŶiƋue suĐh that a ƌeliaďle aŶd ƌoďust 
ĐoŵpaƌisoŶ of the difeƌeŶt AM ŵethods ĐaŶ ďe aĐĐoŵplished.  
 DeǀiaioŶ aŶalǇsis is Đaƌƌied out oŶ eaĐh of the AM aƌtefaĐts aŶd a ĐoŵpaƌisoŶ of deǀiaioŶs iŶ foƌŵ of AM aƌtefaĐts is pƌe-
seŶted.  
 MeasuƌeŵeŶts fƌoŵ CMM ǁill ďe used as a ƌefeƌeŶĐe aŶd Đoŵpaƌed to featuƌes eǆtƌaĐted fƌoŵ CT sĐaŶŶed data. 
 AŶ outliŶe ǀalidaioŶ of the CT sĐaŶŶiŶg ŵethod usiŶg CMM data is pƌeseŶted, uŶĐeƌtaiŶtǇ ďudget is deteƌŵiŶed aŶd Đoŵ-
peŶsaioŶ faĐtoƌ ĐalĐulated. 
CoŵpaƌisoŶ of DifeƌeŶt Addiiǀe MaŶufaĐtuƌiŶg Methods UsiŶg Opiŵized  
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ŵŵ 
AƌtefaĐt DesigŶ  
The teƌŵ addiiǀe ŵaŶufaĐtuƌiŶg aŶd suďseƋueŶt pƌo-
Đess͛s shoǁŶ iŶ Taďle ϭ, teƌŵed ďǇ NaioŶal IŶsitute of 
StaŶdaƌds aŶd TeĐhŶologǇ ;NISTͿ & AŵeƌiĐaŶ SoĐietǇ 
foƌ TesiŶg aŶd Mateƌials ;ASTM FϰϮͿ Đoŵŵitee 
gaiŶed ǁideƌ ailiaioŶ iŶ the eaƌlǇ ϮϬϬϬs. The teƌŵi-
ŶologǇ desĐƌiďes a pƌoĐess of seƋueŶial laǇeƌiŶg of 
ŵateƌial fƌoŵ a digital ŵodel, to pƌoduĐe ϯD phǇsiĐal 
oďjeĐts. AM is Ŷot oŶlǇ used foƌ pƌototǇpiŶg . 
ϰϰ GD&T featuƌes haǀe ďeeŶ desigŶed iŶ aŶ aƌƌaŶge-
ŵeŶt ďeŶeiĐial to the pƌoĐess of CT sĐaŶŶiŶg. This ĐǇ-
liŶdƌiĐal aƌtefaĐt ǁill pƌoǀide eǀeŶ ateŶuaioŶ of ǆ-
ƌaǇs iŶ hope to ŵaǆiŵise detail aŶd ƌesoluioŶ ǁhile 
takiŶg a seƌies of pƌojeĐioŶ aloŶg its ĐeŶtƌal aǆis. This 
ďeŶĐhŵaƌkiŶg aƌtefaĐt has poteŶial to ďe iŵpleŵeŶt-
ed iŶ tesiŶg soŵe pƌoĐess liŵitaioŶs due to the fea-
tuƌe sizes ƌaŶgiŶg fƌoŵ Ϯŵŵ to ϴŵŵ. Methods that 
ĐaŶ ďe ďeŶĐhŵaƌked iŶĐludiŶg ďoth ŵetal aŶd polǇ-
ŵeƌ AM, sĐaliŶg of the aƌtefaĐt ŵaǇ ďe ƌeƋuiƌed. This 
ield has ďeeŶ estaďlished ďǇ the ŵeaŶs of desigŶiŶg 
test saŵples ǁhiĐh eŶĐoŵpass ǀaƌious GD&T ĐhaƌaĐ-
teƌisiĐs.  
CuƌƌeŶt aƌtefaĐts pƌoduĐed foƌ the ĐaliďƌaioŶ of  CT di-
ŵeŶsioŶal ŵetƌologǇ iŶĐlude  tetƌahedƌoŶ oƌ Calote 
Cuďe aŶd ƌuďǇ spheƌes iŶ ǀaƌious ĐoŶiguƌaioŶs, these 
aƌtefaĐts aƌe used foƌ geoŵetƌiĐal ĐhaƌaĐteƌizaioŶ ďǇ 
ŵeasuƌiŶg foƌŵ aŶd diŵeŶsioŶ. AƌtefaĐts ĐaŶ also ďe 
iŶĐluded iŶ tƌaĐeaďilitǇ aŶd staďilitǇ ƌepoƌts, alloǁiŶg 
eŶd useƌs to tƌaĐk ŵaĐhiŶe peƌfoƌŵaŶĐe oǀeƌ iŵe as 
ǁell as suitaďilitǇ foƌ pƌototǇpiŶg oƌ eŶd usage. CoŶ-
ǀeƌselǇ ĐuƌƌeŶt geŶeƌaioŶ AM aƌtefaĐts aƌe Ŷot opi-
ŵized foƌ the use iŶ CT, featuƌes aƌe desigŶed foƌ the 
iŶteŶt of CMM ǀeƌiiĐaioŶ aŶd ŵeasuƌeŵeŶts. CoŶse-
ƋueŶtlǇ ŵeasuƌeŵeŶt of suĐh aƌtefaĐts ǁith CT leads 
to loǁeƌ ƌesoluioŶ sĐaŶ thaŶ desiƌed due to the oǀeƌ-
all aspeĐt ƌaio of the aƌtefaĐt aŶd uŶeǀeŶ ǆ-ƌaǇ ateŶu-
aioŶ. 
FEATU‘E PU‘POSE 
Flat Base FlatŶess aŶd stƌaightŶess 
Cuďe SƋuaƌeŶess, paƌallelisŵ, liŶeaƌ aĐĐuƌaĐǇ aŶd ƌepeataďilitǇ 
CǇliŶdƌi-
Đal Hole 
RouŶdŶess, ĐǇliŶdƌiĐitǇ, aĐĐuƌaĐǇ aŶd ƌepeataďilitǇ of ƌa-
dius ;iŶteƌŶalͿ 
Spheƌe SpheƌeŶess, ƌelaiǀe aĐĐuƌaĐǇ aŶd ƌepeataďilitǇ of a 
ĐoŶiŶuouslǇ ĐhaŶgiŶg slopiŶg suƌfaĐe 
Solid 
CǇliŶdeƌ 
RouŶdŶess, ĐǇliŶdƌiĐitǇ, aĐĐuƌaĐǇ aŶd ƌepeataďilitǇ of ƌa-
dius ;eǆteƌŶalͿ 
Holloǁ 
CǇliŶdeƌ 
RouŶdŶess, ĐǇliŶdƌiĐitǇ aŶd ĐoaǆialitǇ of ĐǇliŶdeƌs 
CoŶe CoŶĐitǇ, slopiŶg pƌoile aŶd tapeƌ 
AŶgled 
SuƌfaĐes 
AŶgulaƌitǇ, aĐĐuƌaĐǇ aŶd ƌepeataďilitǇ of aŶgled suƌfaĐes 
Featuƌe I.D U.I.D ToleƌaŶĐe 
Slope AŶgulaƌitǇ SA 
SAϭ 
AŶgulaƌitǇ 
SAϮ 
SAϯR 
SAϯL 
SAϰ 
SAϱ 
Cut Cuďoid PeƌpeŶdiĐulaƌitǇ CCPE CCPEϭ-ϰ PeƌpeŶdiĐulaƌitǇ 
Cut Cuďoid Paƌallelisŵ CCPA CCPAϭ-ϰ Paƌallelisŵ 
Cut CǇliŶdƌiĐitǇ CC CCCϭ-ϰ CǇliŶdƌiĐitǇ 
Boss Cuďoid PeƌpeŶdiĐulaƌitǇ BCPE BCPEϭ-ϰ PeƌpeŶdiĐulaƌitǇ 
Boss Cuďoid Paƌallelisŵ BCPA BCPAϭ-ϰ Paƌallelisŵ 
Boss CǇliŶdƌiĐitǇ BC BCCϭϰ CǇliŶdƌiĐitǇ 
Heŵispheƌe SpheƌiĐitǇ HS HSϭ-ϰ SpheƌiĐitǇ 
Pipe CǇliŶdƌiĐitǇ PC PCCϭ-ϯ CǇliŶdƌiĐitǇ 
Cut Cuďoid FlatŶess CCF CCFϭ-ϰ FlatŶess 
Boss Cuďoid FlatŶess BCF BCFϭ-ϰ FlatŶess 
Fuƌtheƌ ǁoƌk  
Iŵage ĐoƌƌeĐioŶ of CT usiŶg Đaliďƌated ďall ďaƌs aŶd ďall palates to ƌeadjust ƌeadiŶg, aĐĐouŶt foƌ sĐaŶŶiŶg eƌƌoƌs aŶd ǁill look at sĐaŶ oƌieŶtaioŶ aŶd 
ǁhetheƌ oƌ Ŷot theƌŵal foĐal dƌit, ϯD sĐaliŶg eƌƌoƌs, ŵaĐhiŶe ŵaŶipulatoƌ geoŵetƌiĐal eƌƌoƌs aƌe gƌeateƌ thaŶ the ǀoǆel size of the sĐaŶ to ŵake de-
iŶiiǀe difeƌeŶĐes to ŵeasuƌeŵeŶts. AƌtefaĐt desigŶ foƌ the ŵaŶufaĐtuƌiŶg ǁith ŵetalliĐ ŵateƌials ǁill pƌoǀide uŶiƋue oďstaĐles, ǁhiĐh ǁill ďe eǆ-
ploƌed iŶ the futuƌe. Fuƌtheƌ studies ǁill look at a siŶgle AM ŵethod suĐh as ŵetal ŵaŶufaĐtuƌiŶg ǁith ǀaƌǇiŶg ŵaĐhiŶe paƌaŵeteƌs iŶ ŵoƌe detail. 
SLS     SLA      FDM 
